Introduction
Current Practice, Clinical Uncertainty Hypotension -low mean blood pressure (BP) -is commonly diagnosed and treated in very preterm infants, but clinical practice varies widely [1, 2] . While hypotension is statistically associated with adverse short-and long-term outcomes, a systematic review of the literature was unable to find clear criteria to define hypotension [3] . The evidence base to support management of these infants is limited and predominantly includes studies that measured short-term physiological outcomes.
For example, the Cochrane Collaboration review of early volume expansion [4] could find no controlled studies evaluating volume expansion in hypotensive preterm infants compared to no volume. The two small controlled trials comparing crystalloid versus colloid for hypotensive preterm infants (n = 163) reported a few short-term clinical outcomes, including death, but only 1 reported common neonatal clinical outcomes (bronchopulmonary dysplasia or necrotising enterocolitis). Similarly, a Cochrane review of dopamine versus dobutamine for hypotension [5] included 5 small trials (total n = 243), but only 3 reported mortality and only 2 reported intraventricular haemorrhage. None reported long-term outcomes. The other common therapy for hypotension is corticosteroid administration; however, a Cochrane review [6] found no studies with long-term follow-up for any of the comparisons (steroids vs. no treatment for primary treatment, treatment in refractory cases, or in comparison with inotropes). Although there was some evidence of efficacy in improving BP, no evidence of improvements in clinical outcomes was found.
Many preterm infants who are treated for hypotension have no biochemical or clinical signs of poor perfusion. These infants may have normal systemic blood flow, low systemic vascular resistance and adequate tissue oxygen delivery [7] [8] [9] [10] . Rather than pharmacologic treatment, careful observation of such infants without intervention (an approach previously termed 'permissive hypotension') may well be appropriate [11] .
Interventions to treat hypotension in preterm infants may be unhelpful or even harmful. Analysis of a large neonatal database (Canadian Neonatal Network) demonstrated that treatment of hypotension was associated with an increase in serious brain injury [12] . This remained true even after mean BP was included in the regression model, suggesting that it may be the treatment of hypotension, rather than the presence of hypotension, which is harmful. The most common approach to treatment is to give one or more fluid boluses followed by dopamine. However, observational data have shown an association of fluid bolus administration with intracranial bleeding [13] . In animal models, correction of hypotension by rapid volume infusion can result in intraventricular haemorrhage, a complication which is associated with increased rates of death and neurosensory impairment in preterm human infants. Fluctuations in BP following commencement of inotropes are well recognised and could also trigger intraventricular haemorrhage. Furthermore, dopamine, the most commonly used inotrope, has effects on many physiologic functions, including the pituitary gland, leading to secondary hypothyroidism, a known risk factor for poor long-term neurodevelopmental outcome in the preterm infant [14] . In addition, dopamine elevates BP in the newborn predominantly by causing vasoconstriction, which may be associated with a reduction in systemic perfusion [15, 16] .
There is no consensus on threshold definitions for hypotension in preterm infants. Many clinicians rely on absolute mean BP values alone to guide intervention. BP reference ranges are often based on birth weight, gestational age (GA) and postnatal age criteria [17] [18] [19] [20] [21] [22] . These statistically determined values vary considerably as they are based on observations of BP made in small cohorts of infants, the majority of whom were born before the widespread implementation of important perinatal interventions (e.g. antenatal glucocorticoid therapy) which are known to improve outcome and reduce the incidence of intraventricular haemorrhage in preterm infants [23] . The Joint Working Group of the British Association of Perinatal Medicine has recommended that the mean arterial BP (mm Hg) should be maintained above the GA (weeks) (e.g. an infant born at 25 weeks of gestation should have a mean BP >25 mm Hg) [24] . Despite little published evidence to support this 'rule', it remains the most commonly used criterion to define intervention and it has been used in a number of recent randomised therapeutic intervention trials where it was the sole entry criterion [25] . In preterm infants, however, there is a poor relationship between this and the incidence of intraventricular haemorrhage [26] . In a separate study, the Canadian Neonatal Network reported that 52% of infants with birth weight <1,500 g have a mean arterial BP less than their GA on the first day after birth, and thus may be diagnosed with and treated for 'hypotension' [27] .
It is uncertain whether hypotension (however defined) results in adverse clinical outcomes, including adverse short-term outcomes (increased incidence of intraventricular haemorrhage) [28] and adverse long-term neurode-velopmental outcomes [29] [30] [31] . Furthermore, it is unclear whether intervention to treat hypotension results in improved outcomes. Dopamine, the most commonly used agent, has not been shown to improve clinical outcomes.
Evaluating Systemic Perfusion
Currently, there is no validated clinical scoring system to diagnose shock -or failure of systemic perfusion -in preterm infants, and assessment of the adequacy of endorgan blood flow is mostly subjective. Clinical evaluation includes assessment of capillary refill time, skin colour, temperature and urine output. Capillary refill time values exist for term newborns [32] , but there are limited data available for preterm infants [33, 34] . Although there is a significant relationship between cardiac index (cardiac output/body surface area) and capillary refill time in preterm babies, there appears to be only a weak association between capillary refill and systemic blood flow [33] . We previously identified a weak relationship between capillary refill values and simultaneously obtained echocardiographic measures of superior vena cava (SVC) flow [35] . Though the glomerular filtration rate rises rapidly after birth, urine output is low and variable in the first 24 h, the period when preterm infants are most commonly treated for hypotension, making it a less useful measurement. Indeed, none of these parameters in isolation is specific for identifying poor perfusion. Whilst the positive predictive value of each of these individual measures for identifying poor perfusion is low, it appears that using a combination of signs may allow identification of patients at higher risk of poor outcomes [11] .
Biochemical methods used to evaluate the adequacy of end-organ perfusion include the measurement of serum levels of lactate, an acid produced during anaerobic metabolism. Lactate values have been analysed in a number of clinical situations in the preterm infant, including the need for erythrocyte transfusion, sepsis [36] and necrotising enterocolitis [37] . Elevated or increasing values obtained on the first day of postnatal life are associated with increased mortality in preterm and term newborns [38, 39] . A single lactate value >5.6 mmol/l obtained on the first day was associated with an increased risk of adverse outcome, defined as death or severe intraventricular haemorrhage [40] . In contrast, Wardle [41] found no difference in lactate levels between normotensive and hypotensive preterm infants. We identified a weak negative correlation between lactate values and SVC flow in a cohort of very low birth weight infants. Combined lactate values of >4 mmol/l and prolonged capillary refill times >4 s resulted in a positive predictive value of 80% and a negative predictive value of 88% for identifying low SVC flow, highlighting the value of combining clinical and biochemical parameters [42] in the assessment of the adequacy of end-organ blood flow.
Current standard approaches to the evaluation and treatment of transitional circulatory problems in the preterm infant are not evidence based. We recently established the HIP (Hypotension in Preterm Infants) Consortium, comprising neonatologists, scientists, pharmacologists and industry partners. The Seventh Framework of the European Union funds the consortium. HIP is designed to evaluate two strategies in a randomised controlled trial, and define the efficacy of the most commonly used inotropic medication, dopamine (EudraCT No. 2010-023988-17; Clinical Trial Registration No.: clinical trials.gov NCT01482559).
We will use a combination of clinical and biochemical parameters to determine adequacy of perfusion in the hypotensive preterm infant. We also plan objectively to assess the adequacy of end-organ perfusion with functional echocardiography, near-infrared spectroscopy and electroencephalography (EEG). These methods will be applied in subgroups of infants in order to elucidate causal pathways for any clinical effects that we demonstrate.
Selection of Subjects

Inclusion Criteria
• GA at birth from 23 weeks to <28 completed weeks, i.e. up to and including 27 weeks and 6 days • Postnatal age within 72 h of birth and an indwelling arterial line, suitably calibrated and zeroed, to monitor BP with the measuring dome at the level of the midaxillary line • A mean BP 1 mm Hg or more below a mean BP value equivalent to the GA in completed weeks, which persists over a 15-min period • A pre-trial cranial ultrasound scan free from grade III-IV intraventricular haemorrhage or cystic periventricular leucomalacia • Written informed consent
Exclusion Criteria
• Considered non-viable by attending clinicians • Life-threatening congenital abnormalities including congenital heart disease (excluding patent ductus arteriosus) and chromosomal abnormalities; infants known to require surgical treatment, e.g. congenital diaphragmatic hernia, tracheo-esophageal fistula, omphalocele, gastroschisis; hydrops fetalis • Cranial ultrasound abnormality grade III intraventricular haemorrhage or more prior to enrolment The primary objective is to determine whether, in infants of <28 completed weeks of gestation and <72 h after birth, an observational approach to the management of low mean BP compared to using dopamine as a pressor agent at a predetermined threshold improves: (1) Survival without significant brain injury at 36 weeks' postmenstrual age. Severe brain injury is defined as moderate or severe ventricular dilatation (determined by a combination of increased ventricular index >12 mm, thalamo-occipital distance and anterior horn index), intracerebral haemorrhagic lesions, porencephalic cyst, or cystic periventricular leucomalacia on cranial ultrasound at or nearest 36 weeks. (2) Survival without neurodevelopmental disability at 2 years of age, corrected for prematurity; neurodevelopmental disability is defined as cerebral palsy with a Gross Motor Function Classification System of 3 or more, or a core on the Bayley Scales of Infant Development (version III) below 80 on either the cognitive or language scale, hearing loss requiring amplification or visual loss 20/200 Secondary objectives will determine whether an observational approach to the management of hypotension compared to using dopamine at a predetermined threshold affects: (1) All-cause mortality at 36 weeks' postmenstrual age (3) The incidence of severe brain injury (as defined above) detected on serial cranial ultrasound examinations (4) The number of adverse effects attributable to treatment (5) The prevalence of individual impairments at 2 years (6) Developmental and behavioural scores at 2 years
Study Design
This is a large, pragmatic, multicentre, international, randomised trial of two different strategies for the management of hypotension in babies born <28 completed weeks of gestation. Eight hundred and thirty newborn babies will be enrolled in the first 72 h of life. Standard management with dopamine will be compared to a restricted treatment approach, delaying intervention until clinical assessment indicates reduced perfusion. The two interventions therefore are (1) saline bolus followed by dopamine compared to (2) saline bolus followed by placebo. Both are accompanied by careful observation and rescue treatment with an alternative inotrope if clinical signs of poor perfusion develop using pre-set criteria ( fig. 1 ). Both approaches are commonly used in the management of hypotension in the preterm infant. The trial design strives for simplicity, efficiency and generalisability. Study treatment, dopamine at 5 μg/kg/ min or an equivalent volume of placebo, will be commenced when the mean arterial BP, measured from an indwelling catheter, falls to ≥ 1 mm Hg below a threshold value equivalent to the birth gestation in completed weeks (i.e. mean arterial BP ≤ 23 mm Hg in an infant born at 24 completed weeks of gestation). Study medication will be increased in a stepwise fashion until the BP exceeds the treatment threshold, up to a maximum of 20 μg/kg/min of dopamine or equivalent volume of placebo. A combination of BP values and clinical signs/biochemical findings will be used to determine whether an infant should subsequently receive rescue treatment. There are two criteria for rescue treatment, either a mean BP value >5 mm Hg below threshold or a combination of two or more signs reflecting poor perfusion, namely a mean BP value 3 mm Hg below threshold, lactate >4 mmol/l or a capillary refill time >4 s. We will assess the composite co-primary outcome at 36 weeks' postmenstrual age as set out above. These outcome measures are either objective (death) or adjudicated in a standardised manner by cranial ultrasound findings. Locally based, centrally trained and accredited evaluators masked to group allocation will assess the co-primary outcome of survival without neurodevelopmental disability at 2 years of age, corrected for weeks of prematurity.
Additional Tests to Evaluate End-Organ Perfusion
Subgroups of babies enrolled in the HIP trial will be assessed using:
• Functional echocardiography to evaluate cardiac output (right ventricular output, left ventricular output and SVC) and cardiac function [43, 44] • Near-infrared spectroscopy to assess cerebral oxygenation [41, 45, 46] • Continuous multi-channel EEG to determine effects of mean BP on cerebral electrical activity [10, 47] Statistics After 28 weeks of gestation, the frequency of hypotension requiring treatment and of the adverse outcomes described decrease sharply. We therefore intend to enrol infants up to 27 weeks and 6 days of gestation in order to maximise enrolment without adversely affecting study power. Current mortality for infants <28 weeks' gestation is about 20%. Among survivors, approximately 30% have a cerebral ultrasound abnormality, 9% of which are intraventricular haemorrhage without ventricular dilatation, leaving 21% of survivors with the primary outcome. Therefore, the calculated incidence of the composite primary outcome, death or serious brain injury, will be approximately 37% in the control group. Recent studies including groups of infants up to 27 weeks and 6 days of gestation have shown an incidence of significant developmental delay or neurological abnormality of approximately 32% among survivors, to give an event rate for the second co-primary outcome of 46%. Assuming patients with cardiovascular instability may be at greater risk of adverse outcome, the sample size was initially calculated on the basis that the proportion of controls experiencing the primary outcome was 50%. A requirement for a sample size of 385 infants in each group was based on a twotailed type 1 error rate of 0.05, a statistical power of 80% and a reduction to 40% in the intervention group. Assuming a loss-to-follow-up rate of no more than 10%, enrolment of 830 subjects will be required. All data analyses will be performed according to the intention-to-treat principle. We feel that this approach is reasonable, given that at present the state of knowledge is such that we neither know the appropriate indications for treatment nor the appropriate interventions to use. Our study will be the first to determine if there is a significant difference between the current standard approach involving dopamine and a more observational approach, with later addition of an inotrope if the clinical criteria are met.
Ethical and Regulatory Requirements
An ethics advisory group has been established to ensure all participants meet the appropriate ethical requirements. This group comprises a neonatologist, an independent obstetrician, a lawyer, a professor of clinical ethics and a parent advocate. They will review the overall consent process for the trial and will review the parent information sheets and consent forms to ensure they comply with Good Clinical Practice.
An independent data safety monitoring board will conduct reviews of patient safety reports every 6 months, as well as formal interim analyses when approximately 25%, 50% and 75% of the anticipated outcome data is available. A sequential analysis of the 36-week composite primary endpoint using the Haybittle-Peto method will be made with p < 0.001 required at each analysis for the data safety monitoring board to recommend to the trial steering committee and the project coordination committee whether the trial should be stopped on the basis of efficacy. The funding obtained to perform this trial was obtained through the Seventh Framework Programme of the European Commission, under the adaptation of offpatent medicines call. The ultimate goal of this initiative is to obtain paediatric use marketing authorisation for drugs not currently licensed for use in newborn infants, notably dopamine in the management of hypotension in the preterm infant. The consortium have submitted and obtained a Paediatric Investigational Plan (PIP) from the European Medicines Agency to perform this clinical trial (EMEA-001105-PIP01-10) [48] .
Conclusion
There is substantial uncertainty regarding two important questions in the care of the extremely preterm baby: when should we treat hypotension and which strategy should we use? The proposed study will provide evidence to determine the former, and in using the most commonly used inotropic agent it will provide a baseline against which to evaluate other agents.
The goal in modern neonatal care of extremely preterm infants is to avoid death and also to reduce later neurological impairment. In contrast to other studies in this area, most of which have simply examined effects on BP, we have sufficient power to provide a robust estimate of the benefit of treatment on clinically important endpoints: survival, brain injury and developmental impairments in a very high risk group.
